In muscular dystrophies, identification of pathogenic pseudoexons involves sequencing of the target gene cDNA derived from muscle mRNA. Here we use a urine "liquid biopsy," droplet digital PCR, and sequencing of PCR products to identify a novel cryptic splice site in DMD intron 67 that causes dystrophinopathy. Pseudoexon inclusion is 35% in urine cells, 34% in urine extracellular RNA (exRNA), and 54% in muscle biopsy tissue, but absent in serum exRNA. Our results suggest that cryptic splice site use varies depending on the RNA source, and that urine RNA has the potential to substitute for muscle biopsies to identify DMD pseudoexons.
Introduction
Pre-mRNA splicing is the removal of introns followed by the joining together of exons to produce mRNA. The boundaries of exons and introns are demarcated by conserved 5 0 splice site (5 0 ss) and 3 0 ss intron sequence elements that are recognized by splicing proteins. 1 Approximately 10-15% of annotated pathogenic variants are located in intron splice sites and can cause pathology by inappropriate removal of the adjacent exon, inclusion of intron sequence, or activation of weak pseudo splice sites, leading to a protein product that is dysfunctional, reduced, or absent altogether, even in the setting of a normal coding sequence. 1 Dystrophinopathies result from pathogenic variants in the X-linked DMD (italics) gene and broadly are characterized as two types: (1) Duchenne muscular dystrophy (DMD, no italics), a severe and uniformly fatal disorder, typically in the 20s and (2) Becker muscular dystrophy (BMD), a less severe form with a clinically wide spectrum of phenotypes, ranging from ambulatory to nonambulatory, and a life expectancy from mid-to-late adulthood. 2 DMD is the most common muscular dystrophy of childhood, affecting approximately 1 in 5000 live male births. 3 BMD is about 1/3 as common as DMD. 4 More than 90% of the sequence variants causing DMD are deletions, duplications, or premature termination codons that interrupt the open reading frame (ORF) and result in the absence of functional dystrophin protein. 5, 6 By contrast, BMD most often is due to sequence variants in the DMD gene that maintain the ORF, resulting in an internally truncated partially functional dystrophin protein that has a preserved carboxy-terminus. 5, 7 Diagnosis of DMD and BMD by analysis of genomic DNA from peripheral blood lymphocytes identifies >90% of DMD sequence variants. 6 In recent years, it largely has replaced the need for muscle biopsy to establish the diagnosis of dystrophinopathy. However, approximately 7% of sequence variants that cause dystrophinopathy are located in noncoding regions, 8 some of which induce a cryptic splice site that leads to aberrant inclusion of intron sequence in the mRNA known as a pseudoexon. 6, 9, 10 Identification of pathogenic DMD pseudoexons generally requires sequencing of cDNA derived from mRNA of muscle tissue or muscle cells. 6 Extracellular vesicles (EVs) are membrane-encased particles that are released from cells and carry nucleic acids, proteins, and lipids. 11, 12 EVs may play an important role in cell-to-cell communication in normal and disease states, and have been examined as a novel source of biomarkers in blood, urine, and CSF. [13] [14] [15] The RNA within EVs includes mRNAs, micro RNAs (miRNAs), and noncoding RNAs, collectively termed extracellular RNA (exRNA). Recently, we found that exRNA in human urine contains splice variant biomarkers of myotonic dystrophy and patient-specific DMD deletion transcripts that can demonstrate activity of the splice shifting drug eteplirsen. 16 In this study, we examined whether exRNA also could be used to determine whether an intron base substitution in the DMD gene disrupts splicing efficiency as a mechanism of dystrophin-deficient muscular dystrophy.
Materials and Methods

Human subjects
The Massachusetts General Hospital/Partners Health Service Institutional Review Board (IRB) approved this study. We recruited study participants from the Massachusetts General Hospital Pediatric Neuromuscular Clinic. Prior to participation in the study, both subjects provided informed consent. Due to severe autism in the individual with Becker muscular dystrophy (BMD), his mother/legal guardian provided informed consent for his participation, according to IRB protocol.
Microscopy and image capture
We reviewed the diagnostic biceps muscle biopsy slides prepared by Boston Children's Hospital Department of Pathology as part of routine clinical care, which included frozen muscle sections stained with hematoxylin and eosin (H&E) or labeled using antidystrophin antibodies targeting the N-terminus (DYS3), rod domain (DYS1), or carboxyterminus (DYS2). To capture images, we used an AxioImager microscope (Zeiss), 109 and 209 objectives, a MicroPublisher 3.3 RTV color CCD camera (Q-Imaging), and Volocity image acquisition software (Perkin Elmer).
Biofluid collection and processing
We collected voided urine samples in a standard urine specimen cup, and blood samples in two red top serum separator tubes. Urine volumes were 58 mL from the BMD individual and 90 mL from the unaffected (UA) individual. Serum volumes were 5.9 mL (BMD) and 7 mL (UA). The BMD and UA blood and urine samples were collected on the same day and processed in parallel to remove cells, as previously described. 16 Isolation of exRNA and total RNA We ultracentrifuged urine and serum samples at 100,000g and extracted exRNA from the ribonucleoprotein pellet using Trizol (Invitrogen) according to manufacturer recommendations, as previously described. 16 We also used Trizol to isolate total RNA from urine cells and muscle biopsy tissue.
Splicing analysis by RT-PCR and droplet digital PCR (ddPCR)
We used random primers and Superscript III to generate cDNA, and examined DMD intron 67 splicing using RT-PCR, Sanger sequencing of PCR products, and ddPCR using gene-specific primers, as previously described. included the ability to lift both of his arms above his head, raising questions about the diagnosis. Due to the unavailability of his original quadriceps muscle biopsy for repeat testing, he underwent a biceps muscle biopsy, his second diagnostic muscle biopsy, which confirmed a severe dystrophic myopathy. However, unlike his quadriceps muscle biopsy at age 5, immunohistochemstry using antibodies targeting the amino-terminal, rod domain, and the carboxy-terminal portions of the protein all demonstrated that dystrophin protein was present, although reduced, in his biceps (Fig. 1B) . Expression of dystrophin protein in this patient is inconsistent with the diagnosis of DMD, but would be compatible with BMD. The presence of dystrophin protein expression in his second muscle biopsy also prompted discussions of whether the base substitution in intron 67 is pathogenic, or whether a variant in a different gene should be considered.
Identification of pseudoexon inclusion using urine RNA
The normal DMD coding sequence in this individual would be expected to produce a normal dystrophin protein. To examine the possibility that the base substitution in intron 67 may cause dystrophinopathy by abnormal RNA splicing, we collected urine and serum samples from this individual at age 20 to examine DMD mRNA expression for a potential pseudoexon. Biofluid specimens from his UA mother, who is a noncarrier for the base substitution, and commercially available skeletal muscle total RNA served as controls.
Using primers targeting DMD exons 66 and 68, RT-PCR analysis revealed a single splice product in urine exRNA, urine cells, and serum exRNA specimens from the BMD subject that appeared similar to the splice product in UA control biofluid and muscle tissue ( Fig. 2A) . Sequencing of PCR products from UA urine exRNA and muscle tissue confirmed the expected normal transition from exon 67 to 68 (Fig. 2B) . However, sequencing of the urine exRNA PCR product from the BMD subject revealed a splice variant that includes the first five nucleotides of intron 67 (Fig. 2C) . Examination of the chromatogram also indicated a second PCR product containing the normal transition from exon 67 to 68 that is identical to the product in UA urine exRNA and muscle tissue (Fig. 2C) . To confirm the pathogenic effects of this cryptic splice site, we next examined total RNA in the remaining biceps muscle biopsy tissue from this individual, and found a single splice product that also contains the intron 67 inclusion element, identical to the urine exRNA sample from this individual. Inclusion of the five nucleotide intron sequence shifts the ORF, resulting in a premature termination codon in exon 68 (Fig. 2C) .
Quantitation of splicing efficiency in mRNA
Although sequencing of the PCR product from his biceps muscle biopsy showed a pseudoexon that causes a premature termination codon, the dystrophin protein evident in his biceps muscle biopsy suggests that at least some of the DMD transcripts are spliced normally, which would be expected to produce a normal dystrophin protein. Droplet digital PCR (ddPCR) enables precise quantification of DMD splice products in human urine exRNA, human urine and muscle cells, and mouse muscle tissue. [16] [17] [18] Using ddPCR and primer probe sets that are specific for either the normal splice event or pseudoexon inclusion, we found that use of the cryptic splice site was 34% of transcripts in urine exRNA, 35% in urine cells, 54% in biceps muscle biopsy tissue, and absent in serum exRNA (all transcripts in serum exRNA were spliced normally) (Fig. 3) .
Discussion
Recently we reported that exRNA in human urine contains splice variant biomarkers of disease activity in myotonic dystrophy, and patient-specific DMD deletion transcripts in Duchenne muscular dystrophy. 16 Here we expand the use of urine exRNA to define a novel DMD cryptic splice site and a frame-shifting pseudoexon in an individual with dystrophin-deficient muscular dystrophy despite a normal DMD coding sequence. Until now, mRNA isolated from biopsy material has been required to identify the inclusion of intron sequence. Our results suggest that examination of urine RNA has the potential to replace the need for muscle tissue biopsy to identify pathogenic DMD pseudoexons, and may extend to include cryptic splice sites and intron inclusion elements causing other genetic disorders that also require tissue biopsy for diagnosis. Urine samples are noninvasive, painless, easy and inexpensive to collect, and carry no risk of general anesthesia that typically is required for tissue biopsies of pediatric patients. DMD intron 67 contains the highly conserved 5 0 splice site consensus sequence gtaagt(t. . .) that is complementary to the sequence within the U1 small nuclear RNA (snRNA) that initiates the splicing reaction. 1 The intron base substitution in this individual alters the 5 0 splice site sequence to gtaagg(t. . .).
Although 5
0 splice site variants often result in removal of the adjacent exon from the mRNA, 1 we found no evidence of exon 67 skipping in any of the mRNA sources from this individual. We propose that the t > g substitution weakens pre-mRNA splicing efficiency by simultaneously disrupting complementarity to the U1 snRNA 5 0 terminus and creating a de novo canonical 5 transcripts, and inclusion of a five nucleotide frameshifting intron sequence in other transcripts, which combine to reduce the overall dystrophin protein expression. Identification of pathogenic variants that disrupt splicing efficiency may be important to confirm a clinical diagnosis for an individual, improve the understanding of splicing regulation more generally, and aid in the development of new therapies that modulate splicing. A single base substitution may be particularly amenable to therapeutic genome editing approaches that are currently under development. 19, 20 We examined three "liquid biopsy" sources of DMD transcripts: urine exRNA, urine cell total RNA, and serum exRNA. The differential pseudoexon inclusion among biofluid samples and muscle biopsy tissue that we observed suggests that the impact of a base substitution on splicing efficiency depends on the source of RNA. The absence of intron inclusion in serum exRNA suggests that urine may be preferable as an exRNA source for identification of DMD mis-splicing and pathogenic pseudoexons, and that the primary cell or tissue source that contribute DMD transcripts to the serum exRNA pool is unlikely to be muscle. The reported absence of dystrophin protein expression in the first biopsy of his quadriceps muscle suggests the possibility that pseudoexon inclusion in the quadriceps muscle may have been close to 100%, rather than the 54% evident in the biceps muscle biopsy that expresses reduced dystrophin protein, and that splicing efficiency may correlate with disease severity of individual muscles.
